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In Vitro Degradation of Poly(caprolactone)/nHA Composites
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The degradation behavior and mechanical properties of polycaprolactone/nanohydroxyapatite composite scaffolds are studied in
phosphate buffered solution (PBS), at 37∘C, over 16 weeks. Under scanning electron microscopy (SEM), it was observed that the
longer the porous scaffolds remained in the PBS, the more significant the thickening of the pore walls of the scaffold morphology
was. A decrease in the compressive properties, such as the modulus and the strength of the PCL/nHA composite scaffolds,
was observed as the degradation experiment progressed. Samples with high nHA concentrations degraded more significantly
in comparison to those with a lower content. Pure PCL retained its mechanical properties comparatively well in the study over
the period of degradation. After the twelfth week, the results obtained by GPC analysis indicated a significant reduction in their
molecular weight. The addition of nHA particles to the scaffolds accelerated the weight loss of the composites and increased their
capacity to absorbwater during the initial degradation process.The addition of these particles also affected the degradation behavior
of the composite scaffolds, although they were not effective at compensating the decrease in pH prompted by the degradation
products of the PCL.

1. Introduction

The manufacture of appropriate scaffolds of the right shape,
dimensions, and properties is of the utmost importance for
tissue engineering. Specific applications may have particular
requirements but, generally speaking, they should facilitate
cell adhesion, differentiation, and proliferation. They should
also guide tissue and organ creation, promoting survival
and integration with native tissue and decomposing when
no longer necessary. Scaffolds are therefore usually expected
to be biocompatible, porous, three-dimensional, bioactive,
biodegradable, and with similar mechanical properties to
those of the replaced tissue [1]. A large array of biocompatible
materials has been used for this purpose.

Polycaprolactone (PCL) is the most widely studied sub-
stance in the family of polylactones. Its glass transition tem-
perature is of around −60∘C, lowmelting temperature is of 58
to 63∘C, and exceptional blend-compatibility has stimulated
extensive research into its potential biomedical applications
[2]. This is prepared by ring-opening polymerization of
the cycling monomer 𝜀-caprolactone. Polycaprolactone is a
semicrystalline linear resorbable aliphatic polyester, generally

considered a nontoxic, tissue compatible polymer. It is sub-
jected to biodegradation, because of the susceptibility of its
aliphatic ester linkage to hydrolysis. The degradation prod-
ucts, caproic acid, are metabolized via the tricarboxylic acid
cycle or eliminated by direct renal secretion [3]. PCL is there-
fore a biodegradable and bioresorbable polymeric material.

PCL has been ignored for most of two decades, partly
because of its long-term degradation (up to 1 year) that is
unsuitable for some applications [3, 4]. However, its rheolog-
ical and viscoelastic properties have recently revived interest
in its properties. Numerous in vitro and in vivo studies
were performed prior to FDA-approval of these products.
Recently extensive investigations have examined its ability
as a potential bone tissue engineering material, but PCL
alone may not be a satisfactory material for the creation
of bone substitutes [4, 5]. In other studies, the polymeric
scaffold was blended with bioceramic materials—silica and
hydroxyapatite—[6, 7] in order to improve its bioactivity.
The addition of these materials modifies its structure and
therefore its properties. The same paper [7] also showed
that the hydrolysis rate may be altered by the addition of
hydroxyapatite nanoparticles.
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There are few results on the effects of nHA on PCL
ageing and degradation behavior [8–10]. Many articles have
studied PCL degradation, in relation to such aspects as pH,
crystallinity, and the % of absorbed water, among others [8].

The fabrication technique used in this paper was ther-
mally induced phase separation (lyophilization), as well as
the incorporation of nHA prior to the fabrication of the
scaffold, a technique that permitted homogeneous dispersion
of the nHA particles. In this paper, the effect of nHA content
on the evolution and the degradability of the PCL/nHA
composite scaffolds were studied. During the degradation,
some properties of the polymer might change. However, the
effect of such a change on the degradability of the composite
scaffolds has yet to be fully elucidated. In this study, their
degradation mechanism was discussed in detail by analyzing
changes in pH, weight loss, molecular weight, morphology,
and mechanical properties.

2. Materials and Methods

2.1. Materials. Polycaprolactone was supplied by Purac
Biomaterials Purasorb PCL 12 (Holland) [9]. The solvent,
1,4-dioxane (Panreac p.a., Barcelona, Spain), was distilled by
conventionalmethods.Theweight-average relativemolecular
weight Mw = 130490, Mn = 79760, and polydispersity
Mw/Mn = 1.636 of PCL were determined using gel per-
meation chromatography (GPC, Perkin Elmer 200) in
tetrahydrofuran (THF). GPC was performed with a THF sol-
vent using a Perkin Elmer 200 reflective index detector. Cal-
ibration was done in accordance with polystyrene standards
with a flow rate of 1mL/min. Nanohydroxyapatite (nHA) was
supplied by Aldrich Chemistry (USA), with a particle size >
200 nm and Mw = 502.31 g/mL. Phosphate buffer solution in
water (PBS), supplied by Fluka Analytical (Sigma Aldrich,
USA) at a pH of 7.2, was used as the degradation fluid.

2.2. Fabrication of Porous Scaffolds. PCL and PCL/nHA
composite scaffolds were synthesized according to a protocol
described in our previous reference [9]. In brief, PCL was
dissolved in 1,4-dioxane (2.5% (w/v)). Then, nHA particles
were homogeneously dispersed in the above suspension by
ultrasonic stirring. Highly porous composite scaffolds with
different nHA proportions of total polymer mass (0%, 10%,
30%, and 50%)were obtained after freezing and freeze-drying
the resultant solutions for several days. Porous foam scaffolds
with porosities of up to 90% were obtained by this method.

2.3. In Vitro Degradation. In preparation for the degradation
experiment, the samples were finely cut into 15mm diameter
disks, weighed, and totally immersed in glass test tubes filled
with 10mL of PBS, where they were evenly incubated in a
thermostated oven at 37∘C. The specimens were recovered
after 1, 2, 4, 6, 8, 12, and 16 weeks under the same condi-
tions, carefully wiped, and then weighed to determine water
absorption. A pHmeter PCE 228 by PCE Instruments (Spain)
was used to determine the pH alteration in the medium.
Eventually, the degraded samples were dried over 2 additional
weeks to a constant weight.

Water absorption and weight loss were evaluated by
weighing, taking into account the original weight of each
sample (𝑊

0
) and the residual weight, after degradation of the

same specimen (𝑊
𝑟
) that had completely dried. The water

absorption percentage,𝑊
𝑎
%, was calculated by the following

equation:
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2.4. Scaffold Porosity. The porosity of the scaffolds was
quantified as in the previous reference [11, 12]. Briefly, the
bulk density of the polymer (𝜌

𝑎
) was calculated by mercury

pycnometry measurements on each material. The percentage
porosity (%𝑃) was calculated by the following equation:

%𝑃 = (1 −
𝜌

𝑎

𝜌

𝑝

) × 100, (3)

where 𝜌
𝑝
is the bulk density of the polymer.

2.5. SEM Analysis. The bulk morphology of the scaffolds
was examined using scanning electron microscopy (SEM)
(HITACHI S-3400N, Tokyo, Japan). Prior to analysis, the
samples were coated with a layer of gold, in a JEL Ion Sputter
JFC-1100 at 1200V and 5mA, to avoid sample charging under
the electron beam.

2.6. Mechanical Properties. Mechanical testing of the pore
scaffolds was performed using a Universal Testing Machine
(Instrom, Model: 4502, UK). The PLLA and PCL scaffolds
preparation procedure was the same as described for the
fabrication methods. The diameter of the scaffold disk was
11mm and its thickness was 2mm.The compressive modulus
was defined as the initial linear modulus and the yield
strength was determined from the intersection of the two
tangents on the stress-strain curve around the yield point.
Four scaffolds were mechanically tested for each sample.

3. Results and Discussion

The kinetics of degradation are highly dependent upon poly-
meric molecular weight. Structures with a high molecular
weight take much longer to degrade, as mediated through
the chain length of the polymer. A higher molecular weight
increases the chain length, requiring a greater number of
ester bonds to be cleaved, in order to generate water-soluble
monomers/oligomers so that erosion can proceed, although
degradation consequently takes longer [13].



Journal of Nanomaterials 3

The polymer used was of a highermolecular weightMw=
130490. PCL is a hydrophobic, semicrystalline polymer; its
crystallinity tends to decrease with increasing molecular
weight.

3.1. SEM. The particles, included before the lyophilization
process, are found uniformly distributed in the polymer
matrix that forms these porous substrates. Scaffold porosity
exceeded 90%. In previous publications, the research group
[11, 12, 14] has reported that, when using 1,4-dioxane and the
resulting heat treatment in the manufacturing process, the
pore structure and morphology were controlled by the solid-
liquid phase separation process of the polymer solution. The
solid-liquid separation was attributed to the crystallization of
the solvent.

As we can see in Figure 1, the presence of nHA particles
in the PCL scaffolds does not appear to change their pore
size. However, their presence does cause a more irregular
morphology, as these particles perturb the crystallization of
the solvent and change the patterns of crystal growth, forming
more irregular crystals in the solvent. Both polymer and nHA
particles were expelled from the crystallization front forming
a rich phase and a continuous PCL/nHA skeleton, and the
spaces formerly occupied by the solvent crystals became the
pores of the scaffold, leaving behind the polymer as a foam.
As a result of irregular solvent crystal growth, the pores
and the structure became irregular (more isotropic). Samples
with a low content of nHA had a more porous appearance.
The addition of high amounts of nanoparticles modified
the structure to give it a fibrous appearance, as seen in the
micrographs of Figures 1(a), 1(b), 1(c), and 1(d).

Figures 1(e), 1(f), 1(g), and 1(h) show that the longer
the porous scaffold supports remained in PBS, the more
significant the thickening on the walls of the PCL and
PCL/nHA 10wt% pores was. For the rest of the scaffolds,
which have a higher percentage of nanoparticles, the fibrous
appearance may be appreciated when the pores are stretched.
In themicrographs of these samples, neither did degradation-
related products appear nor were nHA particles exposed
outside the scaffolds walls and the surface morphology
cannot be seen to change from a smooth to an abrupt surface
as other authors have observed in their work [8, 14, 15].

3.2. Mechanical Properties. The reconstruction of a segmen-
tal defect in bone tissue is required to restore the structure
and function of the affected site. The scaffold acts as a carrier
of proteins and growth factors, while also supporting the
load that the bone would normally sustain, until there is
sufficient natural bone growth.That is why the analysis of the
mechanical properties during the degradation process is an
important part of our research.

In previous works [11, 12, 14], a great variety of scaffolds
of PLLA, PCL, and DLGA have been studied, in which the
mechanical properties were dependent on the pore structure
and pore wall morphology. The mechanical properties such
as compressive modulus and yield strength as a function of
degradation time can be observed in Figures 2 and 3. These
mechanical properties (Figures 2(a) and 2(b)) increased

linearly with the nHA particles added to the scaffolds, except
for the sample of more content in nHA that remained
constant. This change might be because of the sudden shift
in the morphology of the scaffold, which assumed a fibrous
appearance due to high concentrations of the nanoparticles.
The influence of the nHA particles is important, despite their
nanometric scale and uniform distribution.

In Figures 3(a) and 3(b), we can see the compressive
modulus and yield strength as a function of degradation
time. These mechanical properties decreased continuously
and slowly as from the first week, during the degradation
time. The samples with a higher nHA wt% had reached low
values after 12 weeks.While the pure PCL samples were found
to retain their mechanical properties over time, the degra-
dation process was most drastically affected by the samples
containing nHA. This behavior is similar to the findings of
this research group in connection with PLLA/nHA and other
studies [11, 12, 14]. As from week 12, random hydrolytic chain
scission took place and produced an overall reduction in
molecular weight. The hydrolytic chain cleavage of PCL is in
its amorphous regions, as those regions are more susceptible
to the hydrolytic attack than densely packed crystalline
regions. If water molecules can diffuse into the polymer
bulk and hydrolyse the chains enabling the monomers or
oligomers to diffuse out, erosion will occur gradually and
equilibrium for this diffusion-reaction phenomenon would
be achieved. If this equilibrium is disturbed, the degradation
mechanism could provoke internal autocatalysis, via the car-
boxyl and hydroxyl end group by-products. The study of the
PCL scaffolds detected no evidence of internal catalysis over
the period of degradation, as the uniform molecular weight
distribution over time and cross-sectional examination of the
scaffold struts was able to show over the 16 weeks of the study.

The mechanical properties obtained are not comparable
to those obtained by other authors [9, 10]. This is surely due
to the different manufacturing technique employed, which
causes a different scaffold morphology and porosity.

3.3.Weight Loss %. Figure 4 shows the weight loss of the PCL
and the PCL/nHA composite scaffolds against incubation
time in PBS solution (pH = 7.2) at 37∘C. Generally, degra-
dation rates of the polymer were affected by their structure,
molecular weight, and other structural characteristics. PCL
is hydrophobic and has a highly crystalline structure that
does not allow fast water penetration into the PCL bulk.
Though the mechanism of PCL degradation is known [5]
as random hydrolytic chain scission of the ester linkage,
the degradation kinetics were relatively slower than other
degradable polyesters such as PLLA or DLGA [12, 14]. In
Figure 4, we can see how, at the end of week 16, weight
loss is very small—0.2%, for the PCL sample—however, the
samples with high nHA content experienced greater weight
loss.These results indicate that samples with nHA lose a little
more weight over the same period of degradation. It could be
that the nHA will support or give off porous nanoparticles
that might actually increase the rate of degradation. The
latter should be consistent with the values obtained by GPC
(Figure 5).
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(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

(j) (k) (l)

Figure 1: SEM observation of surface morphology of PCL ×250. (a) PCL before degradation. (b) PCL/10wt% nHA before degradation. (c)
PCL/30wt%nHAbefore degradation. (d) PCL/50wt%nHAbefore degradation. (e) PCL after degradation in vitro for 8weeks. (f) PCL/10wt%
nHAafter degradation in vitro for 8weeks. (g) PCL/30wt%nHAafter degradation in vitro for 8weeks. (h) PCL/50 wt%nHAafter degradation
in vitro for 8weeks. (i) PCL after degradation in vitro for 16weeks. (j) PCL/10 wt%nHAafter degradation in vitro for 16weeks. (k) PCL/30wt%
nHA after degradation in vitro for 16 weeks. (l) PCL/50wt% nHA after degradation in vitro for 16 weeks.
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Figure 2: (a) Compressive modulus and (b) yield strength of PCL/nHA composite scaffolds as a function of nHA content (wt%).
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Figure 3: (a) Compressive modulus and (b) yield strength of PCL/nHA composite scaffolds against degradation times.

Changes in the process of in vitro degradation suppose
an alteration in the structure which implies the degradation
of the polymeric chain and, therefore, a decrease in the
molecular weight of the scaffolds over immersion time in
PBS, as can be detected in Figure 5. We can see rupture of the
polymer chains is very small throughout week 12, where there

is very little appreciable variation in the molecular weight.
However at the end of week 16, the molecular weight of PCL
has been reduced by 30%and 39, 43, and 49% for sampleswith
10, 30, and 50%wt of nHA.However, the polydispersity index
for all samples remained almost unchanged, with values of
between 1.37 and 1.61 over the degradation period under
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Figure 4: Weight loss of PCL and PCL/nHA composite scaffolds
against degradation time.
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Figure 5: Variation of molecular weight percentage as a function of
immersion time for PCL and PCL/nHA composite scaffolds.

study, and no evidence was detected of internal catalysis
evidenced by uniform molecular weight distribution over
time and cross-sectional examination.

This behavior suggests that the nHA particles act as an
accelerator of the degradation rate in PBS. Similar results
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Figure 6: Water absorption, for PCL and PCL/nHA composite
scaffolds, as a function of degradation time.

were obtained in studies with other polymers such as PLLA
and copolymers such as PLGA [11, 12, 14].

Other authors [9, 10] in studies of PCL scaffolds/nHA
produced by melt-molding/porogen leaching technique have
obtained greater weight loss but very small variations in
molecular weight. This may be because the manufacturing
method affects the degradation mechanism. In our case the
important loss of molecular weight degradation indicates a
block degradation against degradation by erosion.

3.4. Water Absorption. Figure 6 shows the % water absorp-
tion as a function of degradation time. These water absorp-
tion curves show that the introduction of bioactive particles
in the polymer scaffolds increased their capacity to absorb
water during the initial incubation period. This period varies
depending on the content of nHA. The maximum water
absorption rate took place until the sixthweek of degradation.
PCL reached water absorption equilibrium, although this
could not be observed in the other samples. These changes
of water absorption were the result of the balance between
the dissolution of oligomers in the solution and the water
uptake of the residual material; in other words, the speed
of absorption is reduced as a result of the dissolution of
degradation products.

3.5. pH. Figure 7 shows the pH changes of the PCL and
PCL/nHA composite scaffolds as a function of in vitro degra-
dation time. The change in pH of the aqueous media with
degradation time was determined to check for the release
of acid residues from the PLLA samples. This determination
also provided information on total acid production [15–17].
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ThepH takes its highest values in the first week of degradation
and it is higher when the content of nHA is lower. A linear
trend was observed from the sixth week for all the samples
that tends to decrease the initial pH values. This behavior is
seen most sharply in samples with a higher content of nHA.

The pH of the PCL and PCL/nHA 0.25%wt samples
stabilized after week 10. The incorporation of most nHA
particles in the scaffolds caused a decrease in the pH of
the medium, over the degradation time, as can be seen in
Figure 7. Other researchers [15, 18] found that the addition of
bioactive particles compensated the acidification of the PBS
due to acidic products of the polymer degradation, but in this
case these particles had the opposite effect and accelerated
the degradation rate. In the case of bulk degradation, the
internal concentration of autocatalysis products produced
an acidic gradient as the newly generated carboxyl end
group formed during ester bond cleavage accumulated. This
in turn accelerated the internal as opposed to the surface
degradation, leaving an outer skin of highermolecular weight
and a degraded interior with a lower molecular weight. We
did not reach this level of degradation with our scaffolds,
although as seen above, the polydispersity index remained
largely unchanged as reported in the bioresorbable device
literature [2, 15–20].

4. Conclusions

Through the study of in vitro degradation of PCL/nHA
composites, we have confirmed degradation behavior based
on hydrolytic cleavage of ester groups causing random chain
scission. No evidence of internal catalysis was detected in

the polydispersity index values, over the degradation time.
Pure PCL retained its mechanical properties, but the
PCL/nHA composites decreased as the degradation process
continued, the most drastically affected samples having high
nHA concentrations. The addition of nHA particles acceler-
ated the degradation of PCL, which suggests the possibility
of modulating the degradation rate of composite scaffolds by
using different nanoparticle concentrations.
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